1 1 1. The way that organisms diverge into reproductively isolated species is a major question in 1 2 biology. The recent accumulation of genomic data provides promising opportunities to 1 3 understand the genomic landscape of divergence, which describes the distribution of 1 4 differences across genomes. Genomic areas of unusually high differentiation have been called 1 5 genomic islands of divergence. Their formation has been attributed to a variety of 1 6 mechanisms, but a prominent hypothesis is that they result from divergent selection over a 1 7 small portion of the genome, with surrounding areas homogenised by gene flow. Such islands 1 8 have often been interpreted as being associated with divergence with gene flow. However 1 9
1 0 2 between our approach and previous simulations is the treatment of the fitness 1 0 3 function, which is compatible with many structured ecological and evolutionary 1 0 4 models. Our approach is highly flexible and can be constructed for any genotype- General description of the model
The purpose of our model is to provide insight into how a range of genetic and 1 4 8 1 6 9 linked by migration rates (m ij and m ji ) describing movement from population i to j and 1 7 0 vice versa. We assume that individuals that migrate and reproduce successfully pass 1 7 1 their genes into the other population hence incorporating gene flow into the model. The genotype-phenotype and phenotype-demography map can differ between 1 7 3 populations if required.
1 7 4
The model proceeds in discrete time steps representing generations. It is a 1 7 5 forward simulation that includes reproduction and migration at each time step. Density dependence regulates the population growth rate, influencing the probability 1 7 7 of successful reproduction (Fig. 1a ). The fitness of individuals is associated with a phenotype (z). We only focus 1 7 9
on an additive genetic genotype-phenotype map here, but maps including epistasis, present results using the first approach, but an example with the second method is also 2 5 0
shown in supporting information (Appendix S1).
5 1
The offspring represent individuals with the potential to reproduce in the next 2 5 2 generation. We assume an equal sex ratio at birth and assign the sexes to offspring by The final step is the migration of offspring to neighbouring populations. The The final number of individuals in population i at time t+1 can be estimated as the number of migrants from population j (males and females, N t j m ji ):
The model is implemented in R (R Development Core Team 2017), with some parameterizations to explore how the signatures of genomic divergence are generated 2 7 5 by various processes. We start by simulating how two populations of diploid individuals with equal intra-2 7 9 genomic variation at the beginning of the simulations diverge. The migration rate 2 8 0 between the two populations was varied across different simulations to explore Table 1 ).
8 6
The mean population sizes of the two populations were always around 400 2 8 7
( Fig 1d) . This is also the initial number of individuals at the beginning of the across 300 loci (n L = 300), that were either strongly linked (θ = 0.0001) or completely 2 9 0 unlinked (θ = 0.5). This range of linkage allows us to explore the dynamic of genomic 2 9 1 landscapes across more contiguous or distantly related loci. Because previous 2 9 2 simulations on the formation of genomic islands of divergence were restricted to bi- with a higher number of alleles to allow for greater allelic variation (Table 1 ). The 2 9 5 genomic identities of individuals were randomly assigned at the beginning of each Fifty additive loci were chosen to have non-zero variation in allelic 2 9 8
contributions to the phenotypic trait value. This fraction of loci is potentially subject 2 9 9
to selection. By operating on the phenotype, selection changes the distribution of then used to compute the phenotype, and then the fitness score, for each individual. However, further studies may expand this procedure to include any required 3 0 9
genotype-phenotype map. In summary, we have four classes of genes: i) unlinked 3 1 0 genes contributing to the phenotype; ii) linked genes where both loci contribute to the 3 1 1 phenotype; iii) unlinked genes that do not contribute to the phenotype; and iv) linked under selection, and the last two are not.
The number of mating pairs depends on the number of breeding females.
3 1 5
Female reproductive success was determined first, before male mates were assigned 3 1 6
to father each offspring. In this simulation we assumed random mating, although other initial populations. When considering the average Fst values by loci across the 50 4 0 0 pairwise comparisons, linked genes that contribute to the phenotype have a slightly 4 0 1
higher Fst than unlinked genes (grey line, Fig. 2b ). However, independent of the type Different genotypes coding for identical phenotypes influence the dynamics of 4 0 5 genetic differentiation with time ( Fig. 2a) . Fst values across the whole genome ranged between populations. The black line in Fig. 2a Genomic islands of divergence are, on average, more likely to be observed for genes 4 1 7 that contribute to a phenotypic trait that experiences divergent selection across the two 4 1 8
populations (black line, Fig 2b) . The range of variance of Fst values was also higher 4 1 9
under divergent selection than under concordant selection (Fig. 2c) . The values of Fst islands of genomic divergence at loci under selection (grey lines, Fig. 2c ). As the variance of heterozygosity in the founder population increases, so too does the Strong selection at a single, unlinked locus:
The previous simulations revealed that divergent selection on linked selected loci 4 5 2 could sometime result in islands of genomic divergence. We therefore next considered 4 5 3 a founder population in which an island of genomic divergence formed (Fig. 2c ), yet of Fst of more than twice that observed elsewhere in the genome, including on linked 4 5 7
selected genes (Fig. 2f ). This result reveals that patterns of genomic divergence are 4 5 8 not necessarily determined by strongly linked genes of similar effect, but can also 4 5 9
emerge when one gene of large effect is linked to other markers. We extended our 50 previous simulations of "random sampling of founders and 4 6 3 divergent selection" by running them for longer (100 to 2,000 generations). Without The application of our quantitative framework to model the generation of genomic 5 0 1
islands of divergence has revealed that while there are several routes that can result in 5 0 2 genomic islands, the conditions required to generate islands are relatively narrow, and 5 0 3
importantly, there is no single set of circumstances that guarantee their emergence.
0 4
For instance, formation of large genomic islands requires a combination of divergent genomic islands can form via drift in the early stages of divergence in particular.
0 7
However, in both cases, genomic islands can also fail to form even when these 5 0 8
conditions are met, because outcomes are highly dependent on the initial genetic Maximum generated offspring P 1 = P 2 = 6 b 1 Phenotypic optima P 1 = 0.25; P 2 = 0.75 b 2
Variance of the fitness curve P 1 = P 2 = 0.5 b 3
Density-dependent demographic effect P 1 =0.01; P 2 = 0.005 
